Informational masking of a target female talker by female distracters was measured with target and distracters presented from directly in front of the listener as a baseline condition. Next, it was found that if the distracters were also presented from directly in back of the listener, advanced or delayed by a few milliseconds with respect to the distracters in front, release from informational masking occurred. Release from informational masking was found for all delays within the Haas region of Ϯ50 ms, with peak release of about 3.5 dB. This peak occurred for a delay of Ϯ2 ms and it was shown to be the result of delay-and-add filtering. Release from energetic masking was also found, but only for delays of Ϯ0.5 ms or less.
I. INTRODUCTION
In a room full of talking people, it is generally possible to converse with just one. But the relative ease and success of the conversation will depend on a number of factors, including physical characteristics of the various talkers' voices and the content of their messages ͑Brungart et Brungart and Simpson, 2007; Cherry, 1953; Yost, 1997͒ . Spatial relationships among the talkers also play a role. It is easier to attend to a single talker among several who are speaking simultaneously if the target talker stands a distance away from the others. Hence, spatial separation between a target and any distracters can reduce the level of masking that is experienced by a listener ͑Bronkhorst, 2000; Duquesnoy, 1983; Peissig and Kollmeier, 1997͒ . Hirsh ͑1950͒ proposed that if a listener perceived there to be a separation between target and distracters then that perception alone might be sufficient to trigger masking release. Freyman et al. ͑1999͒ took advantage of the precedence effect ͑Wallach et al., 1949͒ to create such a perception, and, in fact, found measurable masking release as predicted. The specifics of their experiment were as follows.
First, in a baseline condition, a single loudspeaker directly in front of the listener presented the speech of multiple talkers. The listener's task was to attend to a single target talker and to ignore another interfering talker, the distracter. Next, in the precedence effect condition, a second loudspeaker off to the listener's right produced a copy of the distracter, shifted forward in time by 4 ms to lead the presentation of the distracter at the front speaker. Although the addition of this second loudspeaker increased the physical level of the distracting speech, it also shifted the perceived location of the distracting talker off to the listener's right side and well away from the target speaker's location, which remained in front. As a result, the intelligibility of the target speech was greatly improved. This experimental protocol has since been used in a number of studies of speech masking release. We will refer to it here as an added-delayeddistracter ͑ADD͒ experiment. Freyman et al. ͑1999͒ also found a limitation on masking release in the ADD experiment. Release was substantial for speech distracters but negligible for spectrally matched noise distracters. This suggested that the masking release seen with speech was largely a release from informational masking ͑IM͒. IM takes place centrally when there is a competition among co-occurring messages, as compared to energetic masking ͑EM͒, which takes place peripherally owing to spectral overlap among signals ͑Arbogast et al., 2002; Freyman et al., 2001͒. A time delay like the one just described in which the added distracters lead in time and invite perceptual separation via the precedence effect is defined here as a positive delay. Experiments have also been done with the distracters set to lag in time-a condition referred to here as negative delay. Freyman et al. ͑1999͒ found significant release from masking in an ADD experiment conducted with speech maskers and the negative delay time of −4 ms. In that instance, there was only a small difference in the perceived locations of the target speech and the distracter speech, but other spatial effects arose and these appear to have been able to support masking release as well. Specifically, a relatively diffuse auditory image of the distracters due to interaural disparities in the two-loudspeaker presentation was apparently important for differentiating the target talker from the distracters.
A number of ADD studies have since confirmed the presence of masking release for both positive and negative delays. Brungart et al. ͑2005͒ and Rakerd et al. ͑2006͒ extended the range of positive and negative delay times tested in ADD experiments out to values both much shorter and much longer than those that had been examined previously. One notable outcome of those studies was the finding that there can be release from EM with speech distracters, but only at very brief delay times. Another was the establishment of an upper time bound on IM release. The boundary is approximately 50 ms, and it appears to be set by the emergence of speech echoes ͑Haas, 1951͒.
In the original ADD study by Freyman et al. ͑1999͒ and in numerous studies since ͑e.g., Balakrishnan and Freyman, 2008; Freyman et al., 2001 Freyman et al., , 2004 Freyman et al., , 2007 Rakerd et al., 2006͒ leading and lagging signals have been presented from loudspeakers placed directly in front of a listener and off to the side, thereby modeling direct and reflected sounds distributed in the horizontal plane ͑HP͒. Direct sounds and their reflections can also arise in the median sagittal plane ͑MSP͒, and with that in mind the present ADD study was conducted with the front-back loudspeaker geometry shown in Fig. 1 . An important distinction between the HP and the MSP concerns the role of binaural cues. Interaural differences in time and intensity are prominent and important for sound localization in the HP, but such differences are minimal or absent in the MSP owing to the equidistance of all points from a listener's two ears. In the MSP, listeners localize chiefly on the basis of spectral cues ͑Blauert, 1969, 1983͒, which has possible implications for performance in ADD experiments. The spectrum of a sound is complexly altered by the coocurrence of a direct sound and its ͑positively or negatively͒ delayed reflection. For this reason, and because binaural cues are minimal in the MSP, masking release effects might be realized very differently in that plane than they are in the HP. On the other hand, previous experiments comparing sound localization and echo suppression for these two planes have found similar patterns of sensitivity ͑Litovsky et al., 1997͒. A series of ADD experiments was run here to learn more about masking release in the MSP, and to compare the results with those of previous studies conducted in the HP.
II. EXPERIMENT 1: FRONT-BACK PRESENTATION WITH SPEECH DISTRACTERS
Experiment 1 measured release from speech-on-speech masking in an ADD experiment where the sound sources were directly in front and in back of the listener. Directly front and back are two locations that can be discriminated by listeners because of spectral differences ͑Blauert, 1969; Burger, 1958; Middlebrooks and Green, 1991͒ . These locations are rarely confused by normal hearing listeners in broadband localization experiments ͑Wightman and Kistler, 1999͒. Methods used here were comparable to those used in a previous ADD study conducted with a HP geometry ͑Rakerd et al., 2006͒.
A. Listeners
Four listeners, three male ͑listeners B, N, and S͒ and one female ͑listener K͒, participated in the experiment. Listeners K, N, and S were in their mid-twenties; and listener B was 52. All four listeners had normal hearing ͑pure tone thresholds at speech frequencies ഛ15 dB hearing level at 0.5, 1, 2, and 4 kHz͒.
B. Anechoic room and experimental layout
Testing took place in an anechoic chamber, 3.0 m wideϫ 4.3 m longϫ 2.4 m high ͑IAC 107840͒. A listener was seated near the center of the chamber in a special chair, described below. One loudspeaker was placed directly in front of the listener, at ear height, 1.5 m from the center of the listener's head. Another loudspeaker was placed directly behind, also at ear height and 1.5 m from the head. This layout is shown in Fig. 1 . It is referred to here as the frontback geometry.
C. Listener's chair
Rigorous measures were taken to prevent head motion and to ensure that each loudspeaker was equally distant from the listeners' ears. A wooden bite bar, 53 cm long, was attached to the chair, running parallel to the back of the chair. This bar was given a dark center line around its circumference at the center of its length and aligned approximately with the center of the chair. To ensure a constant alignment of the head, listeners were instructed to bite lightly on the bar and to maintain contact throughout the test facing the front loudspeaker. Prior to the test, listeners aligned the center line of their top incisors with the center line drawn on the bar using a small hand mirror.
D. Loudspeaker alignment
The loudspeaker azimuths were aligned individually, and were carefully centered on the listeners' midline, with the goal of minimizing interaural differences. The alignment procedure was as follows. Two small microphones were attached to the bite bar, one at each end. A sine tone was presented from the loudspeaker to be aligned. The outputs of the two microphones were observed simultaneously on a dual-channel oscilloscope outside the anechoic room, and the loudspeaker position was adjusted until the oscilloscope traces showed two sine tones with the same phase. A low frequency was used initially, and then successively higher frequencies were used for finer adjustments. After the final adjustment with a tone of 10 kHz, the estimated maximum FIG. 1. ͑Color online͒ Arrangement of speakers relative to a listener for experiment 1. The delay between speakers is represented by , positive if the distracters from the back loudspeaker lead those from the front and negative if the distracters from the front loudspeaker lead those from the back. error in angle was less than 0.5°. This corresponds to a maximum difference in arrival time of the sound between the left and right ears of less than 7 s.
The loudspeaker distances ͑1.5 m from the center of the listener's head͒ were determined with a tape measure. This method had an estimated error of less than 1.5 cm, corresponding to a difference in arrival time between the front and back loudspeakers of less than 44 s. In a delay-and-add filter, this delay corresponds to structure in the transfer function only above 11 kHz-well above the frequencies used in this experiment. A brief test of the perceptual effects of a small misalignment of this kind appears in Appendix A. This test indicated that the alignment procedure successfully minimized binaural difference cues.
E. Stimuli
The stimuli used for both targets and distracters were sentences taken from the coordinate response measure ͑CRM͒ corpus ͑Bolia et al., 2000͒. For this experiment, each stimulus consisted of three female voices ͑the target and two distracters͒ issuing commands that followed the format: "Ready ͕call sign͖, go to ͕color͖ ͕number͖ now." A chart of call signs, colors, and numbers allowed in these experiments is given in Table I . The target talker always used the call sign "Laker."
The voices of the three talkers were randomly chosen from among the four female voices available in the CRM. In any given stimulus, no two talkers shared any of the attributes of call sign, color, number, or individual female voice. With four colors and four numbers, the chance of guessing correctly becomes 1 in 16, or approximately 6%.
F. The task
Listeners were instructed to listen for the call sign Laker on each trial and to determine the color/number combination in the associated sentence. A stimulus with the Laker call sign was presented from the front on every trial. A liquid crystal display was mounted below the front loudspeaker. To help minimize any head motion, the listeners used a wireless gyroscopic mouse to control a pointer on the display without the need for a mouse pad or other surface. The listeners responded to each stimulus by clicking on the appropriately numbered button within the field of the appropriate color on the display. A response was considered correct only if the selected number and the color were both correct.
A single run consisted of five practice trials without feedback followed by 30 test trials. The listeners went through three runs for each experimental condition, with the order of runs randomized differently for each subject.
G. Front-only baselines
In a condition referred to here as the front-only ͑FO͒ baseline, the target and the distracters were presented exclusively from the front loudspeaker, with the level of each talker's speech fixed at 65 dB SPL. Thus, the level of the target was 0 dB relative to the level of each distracter. For a second reference point, the FO baseline experiment was repeated with the level of the target talker raised to +4 dB relative to the FO condition. This +4 dB signal-to-noise ͑S/N͒ ratio reference ͑the FO+ 4 dB condition͒ provided a way to express performance changes using a decibel scale.
As this ADD experiment was designed to search for perceptual effects over a wide range of time delays, it was desired that all listeners start with similar baseline performance. In a pilot test, it was found that three of the four listeners performed the baseline test near 30% correct, which was well above chance ͑6%͒. Listener K also performed above chance, but less well than the other listeners ͑ϳ15% correct͒. The difference in baseline performance was eliminated by increasing the target level by 2 dB for listener K. All baseline and ADD data for listener K below reflect this 2 dB increase.
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H. Front-back ADD experiment
For all front-back ADD tests, the target and the distracters were presented from the front loudspeaker as for the FO baseline tests, and in addition, the distracters were presented from the back loudspeaker using the same level as in front ͑65 dB͒. There was a delay, , between the front and back distracters. The delay was varied over a wide range across the different conditions of the experiment. The set of delays employed was = ͕Ϯ32, Ϯ 8, Ϯ 2, Ϯ 0.5, 0͖ ms. Positive delays indicate that the back loudspeaker ͑distracters only͒ led the front. Negative delays indicate that it lagged. Zero delay corresponds to synchrony in the presentation of the distracters from the two loudspeakers. Figure 2 shows the results of the front-back experiment for each listener, with the average across listeners given in the bottom panel. For the individual subjects, percent correct scores, averaged over three runs of 30 trials each, are given as a function of the delay, . Error bars represent the standard deviation over runs. A diagonally hatched rectangular stripe near the bottom of each panel shows the subject's average TABLE I. The full set of CRM sentences that were possible in this study. The listener is instructed to listen for Laker. The target talker always speaks this call sign. results for the FO baseline test ͓0 dB S/N ratio͔. The width of the stripe represents a 95% confidence interval about the average baseline score. Another stripe ͑drawn with vertical hatch lines͒ is given for the FO test in which the S/N ratio was set to +4 dB ͑see right-hand axis of the figure͒. The bottom panel of Fig. 2 shows percent correct scores averaged across the four subjects. In that panel, error bars and the 95% confidence intervals for FO tests are based on the standard deviation over subjects. Analysis of variance showed that front-back scores for all , −32ഛ ഛ + 32 ms, were significantly greater than the FO baseline score ͑p Ͻ 0.05͒ except for = + 8 ms, where the score approached, but did not reach, significance ͑p = 0.08͒. These results provide strong evidence of release from masking in the front-back geometry for a wide range of delays comparable to those that might be encountered on an everyday basis in rooms.
I. Results and analysis
For each listener, the measured difference in percent correct scores between the 0 and 4 dB FO reference conditions corresponded to a release of 4 dB ͑Sec. II G͒. These benchmark values were used to estimate the amount of unmasking in decibels on front-back tests by linear interpolation or extrapolation, as shown on the right-hand axes in Fig. 2 . The delay times of = ͕+2,−2͖ ms showed the greatest release. Listeners displayed, on average, a release of 3.5 dB for = 2 ms, and a release of about 2.5 dB for = −2 ms. Measurable release of at least 1 dB extended out to = Ϯ 32 ms.
The results of this experiment in the MSP agree with the results reported previously in the HP by Brungart et al. ͑2005͒ and Rakerd et al. ͑2006͒ . Those experiments found masking release for delays as long as +32 and −32 ms, but not for 64 ms. Figure 2 shows that the release in the frontback ADD experiment strongly decreases at 32 ms. Therefore, it seems reasonable to conclude that about the same range of delays elicits a release from masking in both the HP and the MSP. However, at every value of the delay, the average release from masking is smaller in the MSP than in the HP. In the HP with two distracters, a maximum release of 11 dB was found ͑Rakerd et al., 2006͒ compared to about 4 dB in the present experiment in the MSP. The 50 ms speech echo boundary found by Haas ͑1951͒, which Rakerd et al. held responsible for setting the upper bound on masking release in the HP, apparently sets it as well in the MSP.
It is likely that the release from masking seen in this experiment is aided by the ability of listeners to localize sounds in the MSP. Listeners use spectral structure in various frequency bands to localize sounds in the front and back ͑Blauert, 1969, 1983͒. Roffler and Butler ͑1968͒ showed that effective localization in the MSP is assisted by broadband stimuli with components above 8000 Hz, and fails for such stimuli without components above 2000 Hz. Because the CRM stimuli are low-pass filtered at 8000 Hz, energy in the 2000-8000 Hz range is present to contribute to front-back localization. The localization must employ the precedence effect, which is known to exist in the MSP ͑Litovsky et al., 1997͒. A brief follow-up experiment, in which speech distracters were presented in the back loudspeaker only while the target remains in the front, appears in Appendix B and serves as a comparison for an entirely geometrical location change.
III. EXPERIMENT 2: FRONT-BACK PRESENTATION WITH SPEECH-SHAPED NOISE MASKERS
The masking of a speech signal by noise with similar spectral content is referred to as EM. This type of masking is FIG. 2. Results of Experiment 1, the front-back experiment with speech distracters, for each of the four listeners and the average across listeners as a plot of percent correct vs delay, . The error bars are one standard deviation wide in each direction. The diagonally hatched rectangular stripe shows the result of the FO ͑single speaker͒ geometry, where the level of the target equals the level of each distracter voice. The width of the stripe spans the 95% confidence interval of average performance for the individual subject. For the average across listeners, the width represents the 95% confidence interval across the mean responses of individual listeners. The vertically hatched stripe is the same as the diagonally hatched except that the level of the target is boosted by 4 dB. mainly attributed to physical interactions in the peripheral auditory channels ͑Kidd et al., 1994͒. In the masking of speech on speech, EM may occur because of spectral overlap of the target signal and distracting speech, resulting in competition between the target and masker in the periphery of the auditory system. By contrast, IM does not require spectral overlap of signals ͑Arbogast et al., 2002; Kidd et al., 1994͒ . IM in competing speech signals is the result of the difficulty a listener experiences in trying to distinguish a target speech message from distracting speech messages ͑Durlach et al., 2003͒. Experiment 2 was conducted to determine the extent to which the speech-on-speech masking effects of Experiment 1 might be attributable to EM ͑and EM release͒.
Previous ADD studies examining masking release in the HP have found that release from EM occurs for very brief delays ͑−0.5 msഛ ഛ + 0.5 ms͒, and that EM release becomes negligible for longer delays ͑Brungart et al., Freyman et al., 2001 Freyman et al., , 1999 Rakerd et al., 2006͒. In the HP, Rakerd et al. ͑2006͒ found an average release from EM of 2 dB in the very brief delay range. Brungart et al. ͑2005͒ also noted a significant release in similar conditions. The present study examined the time delay dependence of EM release in the MSP, specifically for the front-back geometry. Following previous studies, maskers used to test for EM release were speech-spectrum-shaped noises, with spectra matched to those of speech maskers.
A. Methods
Experiment 2 was an ADD experiment, identical to Experiment 1 with one exception. For Experiment 2, the distracters were continuous speech-spectrum-shaped noises that should be comparable to speech maskers in their ability to exert EM, but should exert no IM at all. The subjects of Experiment 2 were the same four listeners who participated in Experiment 1. They completed all tests for that experiment before beginning this one.
All distracters from the CRM corpus ͑i.e., those voices that spoke call signs other than Laker͒ were modified to derive equivalent speech-shaped noise samples, forming a "noise corpus." To do this, a discrete Fourier transform was applied to each individual speech file in its entirety. Then, each complex spectral component was multiplied by e ı , where was a random variable uniformly distributed on the range ͓− , ͔. Thus, the phases of the frequency spectrum were randomized while the amplitudes remained unchanged. An inverse Fourier transform converted the modified spectrum back to the time domain. All listeners agreed that the result sounded like a swarm of bees, at roughly the same pitch as the original voices. Figure 3 shows an amplitude spectrum, averaged over five randomly chosen sentences, for each of the four talkers in the CRM. Each spectrum has a strong peak near 200 Hz indicating the fundamental component.
Pilot testing in the FO condition showed that at a S/N ratio of −10 dB, baseline performance with noise maskers was similar to that seen with speech distracters in Experiment 1. FO baseline tests were therefore conducted for all listeners at a −10 dB S/N ratio. For a second reference point the speech level was increased to −6 dB S/N ratio. To test for release from EM in the front-back geometry, both the target speech and two noise maskers were presented from the front loudspeaker at −10 dB S/N ratio, and a delayed copy of the maskers was also presented from the rear loudspeaker. Altogether, there were nine test conditions, corresponding to different values of the delay, , the same nine that had been employed in Experiment 1. Figure 4 shows the results of Experiment 2. All listeners showed masking release ͑relative to baseline͒ at = Ϯ 0.5 ms, and these eight points ͑four listeners and two delays͒ were all statistically significantly different from the baseline ͑p Ͻ 0.05͒. All listeners except for K also exhibited significant release when =0 ͑p Ͻ 0.05͒. Listeners N and B displayed a release of about 4 dB for = 0. For listener S, the release was approximately 3 dB.
B. Results and analysis
The results for Experiment 2, averaged over all four listeners, are shown in the bottom panel of Fig. 4 . Statistically significant release from masking ͑p Ͻ 0.05͒ occurred for all three values of in the region ͉͉ ഛ 0.5 ms ͑p Ͻ 0.05͒ and for no other value outside that range. The average release from EM at = 0 was about 2.5 dB. A release of 2.5 dB was also found for = 0.5 ms, and a release of 1.5 dB was found for = −0.5 ms. There was no evidence of masking release for longer delays. For = Ϯ 32 ms and = Ϯ 8 ms, the average performance was, in fact, significantly below the performance in the baseline condition ͑p Ͻ 0.05͒, presumably because the masking power in front-back trials was double that for FO trials. Overall, these results agree with the HP experiments by Brungart et al. ͑2005͒ and Rakerd et al. ͑2006͒ , which also found significant EM release for very brief delays ͑−2, −0.5, 0, and 0.5 ms͒ but not for longer delays. For brief delays, the magnitude of the release found in the front-back geometry was similar to that found in the HP.
The noise masker results of Experiment 2 ͑Fig. 4͒ on EM can be compared with the speech masker results of Experiment 1 ͑Fig. 2͒. The following points are notable: ͑1͒ The range of delays for which the release appears in Experiment 2 ͑−0.5 to 0.5 ms͒ was far more limited than in Experiment 1. ͑2͒ No release occurred in Experiment 2 at = Ϯ 2 ms, where Experiment 1 showed the greatest release. ͑3͒ The release at = ͕−0.5, 0.5͖ ms was statistically the same in Experiments 1 and 2 ͑p Ͼ 0.716 in a two-sample t-test of zero difference͒.
We conjecture that the release seen in Experiment 2 at = 0 ms and the release seen at Ϯ0.5 ms occurred for different reasons. For = 0 ms, it seems likely that the release from EM is a localization effect, with the noise maskers perceived to be located separately from the target due to summing localization. The release from EM at = ͕−0.5, 0.5͖ ms is more likely due to delay-and-add ͑comb͒ filtering ͑Hartmann, 1998͒ because the "window" of summing localization is beginning to close at these delay times ͑Blauert, 1983͒. As a consequence of delay-and-add filtering, the masking noises had a broad spectral valley from 0 to 2 kHz, centered at 1 kHz. In an informal ADD experiment where listeners adjusted the delay of noise maskers, a delay near 0.5 ms was found to be particularly effective in unmasking target female speech. The conjecture that different mechanisms lead to release for the different delays might explain why all listeners exhibited a release at = ͕−0.5, 0.5͖ ms, but, unlike the other listeners, listener K failed to show a release at = 0 ms. According to the conjecture, all listeners were able to utilize the spectral mechanism that leads to a release at = Ϯ 0.5 ms, but listener K failed to make use of the localization mechanism that other listeners used to achieve a release from masking at = 0 ms. Implications of EM results are further addressed in Sec. VI B.
IV. EXPERIMENT 3: FRONT-FRONT PRESENTATION WITH SPEECH DISTRACTERS
Interaural differences were minimized in Experiment 1, which means that the masking release for speech distracters found there was chiefly due to spectral effects. These spectral effects may have had either or both of two origins. One source was the spatial nature of the front-back layout itself. The head-related transfer functions for sources in front and in back are quite different ͑Blauert, 1983͒, and listeners almost certainly gained some localization information from their head-related transfer functions ͑HRTFs͒. This spectral localization information in turn may have mediated speech masking release.
The other source of spectral differences was delay-andadd filtering. Experiment 3 was conducted to separate out the contributions of HRTFs and delay-and-add filtering. To do this, a new test layout was established, referred to here as "front-front" ͑see Fig. 5͒ . The front-front layout deprived listeners of any spatial cues but retained spectral cues caused by delay-and-add filtering.
A. Methods
To create the front-front layout, the loudspeaker that had previously been in back was moved and placed on top of the front loudspeaker so as to make them collocated.
2 The loudspeaker alignment, method of data collection, time delays, and the target and masking stimuli for Experiment 3 were the same as in Experiment 1. The four listeners for Experiment 3 were the same as for Experiment 1 as well. The FO test was repeated here to provide a measurement of baseline performance contemporaneous with the front-front ADD test. Figure 6 shows the results for the front-front ADD test. This figure is in every way parallel to Fig. 2 for the frontback ADD test.
B. Results and discussion
The shape of the functions in Fig. 6 was remarkably similar across the four listeners. All listeners exhibited substantial release from masking for the delays of = ͕+2,−2͖ ms. This was most dramatically demonstrated by listener N, who showed nearly 6 dB of release for = 2 ms. The smallest release seen at Ϯ2 ms was for listener K who showed a release of 2.5 dB at = −2 ms. No listener showed any evidence of masking release for any other delay.
Another point of agreement among listeners is that they all performed worse than baseline for a delay of = 0. Here the distracter presentations perfectly coincided at the leading and lagging speakers and were therefore 6 dB more intense than at baseline.
The average results in the bottom panel of Fig. 6 clearly show significant release from masking at = Ϯ 2 ms ͑p Ͻ 0.05͒ and no release at any other delay value. The peak in performance for = 2 ms corresponded to a 3.5 dB release in masking, while the peak for = −2 ms corresponded to a release of nearly 3.0 dB. These two decibel values are essentially the same, indicating symmetry about =0.
Delay-and-add filtering with speech maskers
The improved performance for = Ϯ 2 ms in Experiment 3 is very likely due to delay-and-add filtering of the distracters in this experimental setup. The transfer function of a delay-and-add filter with a delay of 2 ms is shown in Fig. 7 , superimposed on the average spectrum of a typical female voice from the CRM. For a delay of 2 ms, peaks occur at integer multiples of 500 Hz, and dips occur at 250 Hz and every additional 500 Hz thereafter.
The first dip in the delay-and-add spectrum for a delay of = Ϯ 2 ms may be especially important. As shown in Fig.  7 , this dip is close to the average fundamental frequency of female voices. Apparently, suppressing the energy in the fundamental component introduced timbre differences in the distracters that helped the listeners distinguish between the target talker and the distracters, leading to a release from masking of the target. The release seen at 2 ms in Experiment 3 ͑no spatial cues͒ was as large as the release at 2 ms in Experiment 1 ͑front-back spatial cues͒. It seems likely that the peaks at Ϯ2 ms seen in Experiment 1 were the result of the delay-and-add filtering effect, as made evident in Experiment 3, but spatial cues may also have played some role.
Delay-and-add filtering with noise maskers
In contrast to the results with speech maskers, no release was seen at = Ϯ 2 ms with noise maskers in Experiment 2, though presumably delay-and-add filtering had a similar ef- fect on the spectrum of the maskers in that experiment. Delay-and-add filtering of the noise maskers removes power from certain parts of the spectrum but adds power to other parts of the spectrum. Therefore, delay-and-add filtering would not be expected to lead to a release from EM unless the delay afforded some strategic advantage.
Unmasking the fundamental frequency of the target would not lead to better intelligibility of the target speech, since the relevant information in this speech task is not contained in the fundamental.
More on speech maskers
Support for the notion that a dip at the fundamental caused by delay-and-add filtering contributes to a release from masking by speech is found in the results of Brungart et al. ͑2005͒ . In that study, a similar experiment to the present one was performed in a virtual auditory environment with a single male speech distracter and a target taken from the CRM corpus ͑this was referred to as the F-FF condition͒. Brungart et al. ͑2005͒ found a peak in release from masking for a delay of 4 ms, distinct from no release for 2 and 16 ms. This peak is similar to the peak seen in the present experiment for 2 ms, distinct from no release seen for 0.5 and 8 ms. A delay-and-add filter with a delay of 4 ms has a first dip at 125 Hz, near the expected fundamental frequency for a male talker, as used by Brungart et al. ͑2005͒ . By comparison, a delay-and-add filter with a delay of 2 ms has a first dip at 250 Hz, near the expected fundamental frequency for female talkers, as used in the present experiments. Brungart et al. ͑2005͒ also reported release at delays of 0, 0.25, 0.5, and 1 ms of magnitudes similar to that of the release at 4 ms, whereas no release for 0 or 0.5 ms was found in the present experiment. This difference may be due to the fact that the present experiment was performed with two distracters instead of the single distracter employed by Brungart et al.
͑2005͒.
V. EXPERIMENT 4: SPECTRAL STRUCTURE-A FOLLOW-UP TO EXPERIMENTS 1 AND 3
Delay-and-add filtering in Experiment 3 produced multiple dips in the spectra of distracters. This experiment asked which of those dips was most important for masking release. If one dip or another is particularly important in eliciting a release from masking, this would give insight into the underlying mechanisms by which such a release from masking is attained.
A. Methods
A digital filter was designed to "mimic" the first dip in the amplitude response of a delay-and-add filter with delay = 2 ms. This was a finite impulse response filter of order 336, with 0.04% ripple in the passband. The amplitude response of this filter is shown in Fig. 8͑a͒ . The dip in the filter's amplitude response was centered at 250 Hz and had a depth of approximately 39 dB. A second filter was designed with a dip at 750 Hz in order to mimic only the second dip in the delay-and-add filter. This filter ͓Fig. 8͑b͔͒ was FIR of order 392, with 0.02% passband ripple, and a dip at 750 Hz of 32 dB. By comparison, the first two spectral dips actually measured for the front-front geometry in the anechoic room used for these experiments occurred at 250 and 750 Hz, with depths of 22 and 12 dB, respectively.
The entire CRM stimulus set was processed with each digital filter to create two separate filtered corpi, one with energy removed at 250 Hz, and the other with energy removed at 750 Hz. These stimuli were then used individually as the distracters in two separate FO experiments. For each experiment, listeners completed three runs consisting of five practice trials ͑without feedback͒ followed immediately by 30 test trials. To simulate the effective target-to-distracter level difference of Experiment 1, wherein both loudspeakers were actively producing distracting speech, the level of the target talker was reduced here by 6 dB. The listeners in this experiment were the same as in all previous experiments.
B. Results and analysis
The results of Experiment 4 are shown in Table II for each listener and for the average across listeners. "FF" refers to the results of Experiment 3, speech-on-speech masking, with a delay of = 2 ms, where the greatest release occurred. "FO 250 Hz" refers to the FO test wherein the distracters have a notch at 250 Hz per the first dip in a delay-and-add filter with delay = 2 ms, and similarly for the condition la- FIG. 8 . The top graph shows the amplitude response of a filter imitating the first dip in a delay-and-add filter with delay = 2 ms. This is a FIR filter of order 336. The bottom graph shows the amplitude response of a filter imitating the second dip in a delay-and-add filter with delay = 2 ms. This is a FIR filter of order 392.
beled "FO 750 Hz." The "FO 0 dB" condition refers to the baseline condition where target and unfiltered distracters are presented from the front loudspeaker only.
When the filter dip was at 250 Hz, all listeners showed an improvement in performance over the FO baseline, FO 0 dB. The average magnitude of the release was 2 dB. When the dip was at 750 Hz, none of the listeners showed any improvement in performance, and listener S performed consistently worse than in the FO baseline condition.
The release found for distracters with a notch at 250 Hz supports the idea that delay-and-add filtering was responsible for the release from masking demonstrated in Experiment 1. The lack of release found for distracters with a notch at 750 Hz suggests that only the first dip in the spectrum of delay-and-add filtering is responsible for this effect. However, since performance in this experiment in no case reached the level found in the front-front geometry for delay =2 ms ͓Table II, column ͑d͔͒, this first spectral dip may not be solely responsible for the release in masking shown in Experiment 3. An alternative explanation for the smaller release seen in Experiment 4 is that the 6 dB target reduction used in Experiment 4 may have underestimated the effective S/N ratio in Experiment 3.
Experiment 4 indicates that the release from masking seen in Experiment 3, uniquely at delays of Ϯ2 ms, was the result of eliminating the fundamental component of the distracting speech. An experiment by Freyman et al. ͑2005͒ supports this conclusion. That experiment began with a baseline condition wherein target and distracters were both highpass filtered so as to remove the first few harmonics. When the fundamental was added back to the target, performance improved by about 2 -3 dB. That experiment is quite similar to Experiment 4 in that it demonstrated a release from masking that takes place because of the lack of energy in the fundamental of the distracters compared to that of the target.
VI. SUMMARY
This article describes added delayed distractor ͑ADD͒ experiments in a front-back geometry, where care was taken to minimize interaural differences.
A. Speech distracters
Experiment 1 tested the ability of listeners to segregate target speech from distracting speech when both were presented from directly ahead, and when an additional timeshifted copy of the distracting speech was presented from behind. Thus, this experiment continued an ADD paradigm begun by Freyman et al. ͑1999͒ , extending it into the median sagittal plane ͑MSP͒.
Experiment 1 showed that listeners experienced release from masking in the MSP for all delays tested between −32 and +32 ms. The magnitude of release was on the order of 2-4 dB ͑see Fig. 2͒ , and the peak release occurred for delays of = Ϯ 2 ms. Comparison to previous ADD studies conducted in the horizontal plane ͑HP͒ ͑Brungart et al., 2005; Rakerd et al., 2006͒ indicated that release occurs over a similar range of delays in both planes, though the magnitude of the release in the MSP is significantly less than that seen in the HP ͑8-11 dB͒. Greater release in the HP is not surprising since it seems likely that speech segregation could only be helped by binaural cues, which were strong in the HP, but were minimized in the MSP. Though binaural discrepancies ͑e.g., anatomical asymmetries͒ may have made some contribution to masking release in the front-back geometry, Appendix A shows that, by themselves, they could not have accounted for the release as observed.
The finding that this release occurred for a wide range of delays ͑as long as Ϯ32 ms͒ is an important result of Experiment 1. Further, performance was found to be approximately independent of the sign of the delay. It did not matter which distracter led, either the front ͑coincident with the target͒ or the back, even for the longest delays.
Additional experiments were done in order to gain insight into the results of Experiment 1. Experiment 2 employed noises to measure energetic masking ͑EM͒ release in a front-back geometry. Experiments 3 and 4 examined the role of delay-and-add filtering.
B. Noise maskers
Experiment 2 was identical to Experiment 1 except that continuous noise maskers were used in place of speech distracters. In contrast to Experiment 1, Experiment 2 ͑Fig. 4͒ showed that EM release occurs in the MSP only for short delays, = 0 ms and = Ϯ 0.5 ms. The magnitude of the EM release and the range of delays over which it occurred were similar to the results previously seen in the HP ͑Freyman The results for noise maskers in Experiment 2 were also similar to the results of a previous study with noise using head-related transfer functions ͑HRTFs͒ and headphones to simulate a MSP geometry ͑Brungart et al., 2005͒. In that study, which used both male and female target voices, a significant release from EM was found for delays of = ͕−0.5, + 1.0, + 2.0͖ ms. Brungart et al. ͑2005͒ explained that poor performance with a noise masker in an ADD experiment is expected, since the second presentation of the masker adds noise power to the masker, but that some delays may lead to a release due to delay-and-add filtering. Short delays in a delay-and-add filter lead to broad spectral valleys through which a listener may perceive an unfiltered target.
The release from EM in Experiment 2 can be understood from some combination of several effects. One effect is delay-and-add filtering. A delay of = Ϯ 0.5 ms in the masking noise leads to a broad valley centered on 1000 Hz, giving the listener improved access to an important spectral region for the target speech. This is a plausible explanation for the release demonstrated by all listeners in Experiment 2 at = Ϯ 0.5 ms. However, at = 0 ms, no delay-and-add filtering occurs, and the release seen in Experiment 2 at this delay must have some other explanation. A second possibility is that release from EM at = 0 ms, or for the entire range, ͉͉ ഛ 0.5 ms, is a localization effect caused by summing localization. Summing localization occurs for delays less than 1 ms, and is known to occur in the MSP ͑Litovsky et al., 1997͒. Summing localization may shift the perceived location of the maskers away from the target, probably at the same time making the maskers more diffuse, and thus different from the target. A localization effect leading to a release from EM is, however, not expected because localization is thought to mediate release from IM and not from EM ͑Arbogast et al., 2002͒.
As applied to Experiment 2, the possibility that a localization effect leads to a release from EM requires that summing localization produces a larger release from EM than is produced by the law of the first wavefront. That law is a part of the localization precedence effect. It says that the location of the leading source dominates. The problem is that the law of the first wavefront for broadband noise, for instance, at a delay of 4 ms, is very strong. However, no other explanations for the observed release are particularly forthcoming, especially as it occurs for a delay of =0.
C. The role of delay-and-add filtering
Experiments 3 and 4 examined the role of delay-and-add filtering in the results of Experiment 1 by removing the spatial aspect of the ADD experiment. In Experiment 3, the back and front loudspeakers from Experiment 1 were placed together in front so that the target, distracters, and added distracters were collocated. Otherwise, Experiment 3 was identical to Experiment 1. In this way, the effect of delay-and-add filtering was separated from spatial effects. The results ͑Fig. 6͒ show a release only for delays of = Ϯ 2 ms, matching the delays at which peak release occurred in Experiment 1. Experiment 4 used digital signal processing techniques to show that the release for = Ϯ 2 ms occurs mainly because the first dip in the delay-and-add filter occurs near the fundamental frequency of the distracting speech. The distracting speech becomes distinguishable from the target when its timbre is changed by attenuating the fundamental component.
D. Symmetry
The results of all the experiments showed a notable symmetry about the zero-delay condition. In Experiment 1, with a speech target and speech distracters, the average data shown in Fig. 2 were approximately symmetrical for all delays, 0.5-32 ms. Symmetry between positive and negative delays would not be expected a priori if the release from masking is primarily driven by the precedence effect. However, it is possible that the imperfect behavior of the localization precedence effect that is exhibited at negative delays is adequate to promote release from masking. For every delay showing appreciable release, the release was slightly stronger when the source in back led the source in frontpositive delay. This small asymmetry might be attributed to the localization precedence effect.
E. Implications
Front-back
Previously, it was shown that a release from IM occurs in ADD experiments in the HP ͑Brungart et al., 2005; Freyman et al., 2001 Freyman et al., , 2005 Freyman et al., , 1999 Rakerd et al., 2006͒ , and binaural cues were held primarily responsible for this masking release. It has been shown now that such a release occurs as well in the MSP when binaural cues are minimized to the extent that they are expected to be unimportant. When distracters are presented from in front and in back the greatest release from masking occurs for a delay of Ϯ2 ms. Experiments with distracters only in front show that this peak owes much of its importance to delay-and-add filtering. Apart from that, the front-back experiment shows release from masking for a wide range of delays, at least out to 32 ms, and this release is likely caused by the ability of listeners to localize the distracters ͑or to delocalize them͒ using the localization cues that are available in the MSP, namely, spectral cues. Localization in the MSP is weaker than in the HP, and thus it was not surprising to find that the release that can be achieved in an ADD condition is smaller in the MSP than in the HP. The presence of masking release out to long delays, both positive and negative, reveals a behavior similar to that noticed in the HP ͑Rakerd et al., 2006͒ and suggests that a similar general mechanism is at work to achieve a release from informational masking ͑IM͒ in both cases.
Precedence
In many previous studies, the precedence effect ͑Litov-sky et al., 1999, 1997͒ has been cited as the main mechanism by which release from IM is achieved in ADD experiments. By moving the perceived location of the distracters away from the target ͑i.e., for positive delays͒ localization of the distracters separately from the target allows for the perceptual segregation of the two. However, for large negative delays, the precedence effect will place the perceived location of the distracters near the target. According to a simple in-terpretation of the precedence effect the distracters should nearly coincide with the target leading to no benefit to the listener trying to hear out the target speech. However, this study, as well as studies of the HP by Brungart et al. ͑2005͒ and Rakerd et al. ͑2006͒ , shows a release from IM for a large range of negative delays. Furthermore, in both the HP and the MSP, the magnitude of the release is similar for both positive and negative delays. Freyman et al. ͑1999͒ argued that even a small shift in apparent location, caused by the negative delays, could mediate some release from masking. Other effects, such as perceived diffuseness and timbre changes caused by delay-and-add filtering, also likely contribute.
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APPENDIX A: TEST FOR INTERAURAL DIFFERENCES
The methods used in this article had the goal of eliminating interaural differences by confining the sources to the front-back dimension. However, interaural differences cannot be completely eliminated, no matter how accurately the experimental system is aligned. Nevertheless, we believe that the small interaural differences that exist in a geometry such as ours have no perceptual importance ͑see also Middlebrooks and Green, 1991͒.
To test for the perceptual effects of interaural differences, which might arise because the listener is inadvertently misaligned or because of individual anatomical asymmetry, a headphone experiment was run in which misalignments were deliberately introduced such that the ears were not equidistant from each loudspeaker.
This test used a misalignment equivalent to a 5°rotation of the listener. Accordingly, one ear was effectively 65 s closer to the front loudspeaker and 65 s farther away from the back loudspeaker, for a total difference in arrival time of 130 s. The same difference, but with opposite sign, occurred in the other ear.
Seven listeners, including B and N from the previous experiments, were presented with CRM stimuli of the same type used in Experiment 1 ͑target plus two speech distracters͒ through Sennheiser HD 414 headphones. The task was identical to that of previous experiments. The distracters were passed through delay-and-add filters before they were combined with the target speech. Two experimental scenarios were tested-one in which the delay between the maskers was 870 s in the left ear and 1130 s in the right, the "different-delays" scenario; and a second condition in which the delay between the maskers was the same in both ears 1000 s, the "same-delays" scenario.
A reference delay of 1000 s ͑1 ms͒ was chosen because that delay is representative of delays used in Experiment 1, and because it is beyond the range at which release from EM occurs ͑Experiment 2͒. For 1000 s there is substantial release ͑but not the greatest release͒ from IM. These delay scenarios were tested at SNRs of −4, 0, and +4 dB, for a total of 2 ϫ 3 = 6 conditions. Differences in performance between the scenarios were examined within and across listeners for each SNR. The most relevant SNR is 0 dB, at which Experiment 1 was performed. At 0 dB, the average listener performed marginally better with different delays than with same delays. The mean improvement in percent correct, plus and minus one standard deviation, was 7 Ϯ 16%. This was not a significant improvement ͑one-sided Wilcoxon signed rank test, N =5, W + = 3.0, p = 0.140͒. There were also differences in performance across listeners-three listeners performed slightly better with different delays, two performed slightly better with same delays, and two showed no difference in performance. For lower SNR, there was a greater improvement in performance under the different-delays condition, but the difference in performance did not reach the 0.05 level of significance ͑N =5, W + = 1.5, p = 0.069͒. For higher SNR, the differences in performance between the same-delays and different-delays conditions were entirely negligible ͑N =6, W + = 11.0, p = 0.583͒. Note here that a worst-case scenario ͑a 5°rotation of the listener͒ has been assumed. In reality, the error in alignment was almost certainly smaller. Thus, binaural discrepancies may have contributed to the unmasking observed in our experiment, but these discrepancies cannot account for the statistically significant unmasking obtained in those experiments.
APPENDIX B: SEPARATED-SOURCE PRESENTATION WITH SPEECH DISTRACTERS
The positive delay conditions of Experiment 1, particularly the conditions for which Ͼ 1 ms, can be expected to elicit a precedence effect shift in the perceived location of the distracters. The precedence effect should shift the perceived location of the distracters from front to back. For comparison, it is interesting to investigate the masking release caused by a real geometrical shift. Several experiments have been performed, which have measured the release from both EM and IM when the distracters are moved from the front, where they were collocated with the speech target, to the back ͑Freyman et Plomp, 1976; Zurek, 1993͒. To test the effect of a real physical shift of the distracters using the setup of the previous experiments and the CRM stimuli, the experiment of Freyman et al. ͑2005͒ was repeated. Three conditions were tested: ͑1͒ the FO baseline, as in Experiment 1, with S/N ratio of 0 dB; ͑2͒ the FO baseline, as in Experiment 1, with S/N ratio of 4 dB; and ͑3͒ a separated-source test with the target presented from the front loudspeaker and the speech distracters presented from the back loudspeaker at a S/N ratio of 0 dB. The first two conditions were the FO and FO+ 4 dB conditions. The third condition was new.
Four listeners were tested, including listeners B and N from Experiment 1 and two inexperienced listeners, A and E. Listeners sat quietly and faced the front loudspeaker without moving their heads throughout each run. Listeners were positioned such that their ears were half way between the front and back loudspeakers. Each run consisted of five practice trials followed by 30 trials for which data were collected and scored as in Experiment 1. Each listener went through five runs of each condition.
The results of the experiment are presented in Table III . These may be informally compared to the results of Experiment 1. Performance in the separated-source condition was slightly worse than that in the FO+ 4 dB condition, indicating a release from masking somewhat less than 4 dB as a result of spatially separating the target and distracters. In detail, the average percent correct performance across listeners in the separated condition was 75Ϯ 4.8%, an increase over the FO baseline performance of 38Ϯ 7.4%. This increase in performance in the F-B condition with target in front and distractors in back corresponds to an average release of 3.5 dB. This is comparable in magnitude to the release seen in Experiment 1 between the FO baseline performance and the best performance at any other delay for the average listener ͑this occurred at = 2 ms, where the average release was 3.5 dB͒.
1
For listener K, the condition where the target was at 67 dB and each distracter was at 65 dB was the "0 dB SNR" condition, and other values of SNR are referenced to this baseline. For instance, the +4 dB condition corresponds to a target at a level of 71 dB and each distracter at 65 dB for listener K. Thus, values of SNR are reported relative to the initial level of the target, which was 65 dB for listeners B, N, and S; and 67 dB for listener K. The distance between the centers of the two speakers was 8.9 cm, which corresponded to a difference in vertical angle of 3.3°. Therefore, the arrival time discrepancy between the signals from the two speakers was less than 10 s, producing a negligible effect on the delay-and-add filtering. 
